The use of sol-immobilisation to prepare supported metal nanoparticles is an area of growing importance in heterogeneous catalysis; it affords greater control of nanoparticle properties compared to conventional catalytic routes e.g. impregnation. This work, and other recent studies, demonstrate how the properties of the resultant supported metal nanoparticles can be tailored by adjusting the conditions of colloidal synthesis i.e. temperature and solvent. We further demonstrate the applicability of these methods to the hydrogenation of nitrophenols using a series of tailored Pd/TiO2 catalysts, with low Pd loading 0.2 wt. %. Here, the temperature of colloidal synthesis is directly related to the mean particle diameter and the catalytic activity. Smaller Pd particles (2.2 nm, k = 0.632 min -1 , TOF = 560 h -1 ) perform better than their larger counterparts (2.6 nm, k = 0.350 min -1 , TOF = 370 h -1 ) for the hydrogenation of p-nitrophenol, with the catalyst containing smaller NPs found to have increased stability during recyclability studies, with high activity (> 90% conversion after 5 minutes) maintained across 5 catalytic cycles.
Introduction
Supported metal nanoparticles (NPs) attract great interest in the field of heterogeneous catalysis due to their unique optical, electronic and catalytic properties compared with their larger counterparts. Tailoring metal NPs is an important step in optimising their performance for a given process; the metal particle size, shape and structure are all pivotal factors in dictating the overall catalytic performance. [1] [2] [3] [4] Colloidal methods, particularly the sol-immobilisation method, have been successfully utilised to generate metal NPs with desirable characteristics, compared to conventional techniques such as wet impregnation and deposition-precipitation. 5 Typical steps in colloidal synthesis to control the particle properties include changing the type of stabilising and reducing agents, the concentrations of each component, and the metal concentration. [6] [7] [8] In recent work (2015-present), we have demonstrated that PVA stabilised Au and Pd NPs with tailored properties, including the stabilisation of ultra-small metal clusters (< 5 atoms for Au, < 20 atoms for Pd), can be prepared using an optimised sol-immobilisation method with temperature and solvent control. 5, 9 For Au NPs, tested for the oxidation of glycerol, it was evident that excellent activity was correlated to the population of small Au clusters (< 10 atoms), with their existence heavily dependent on the temperature and solvent choice, with systems prepared at 1°C in H2O, having the highest population. For Pd NPs, the importance of solvent during NP synthesis on the resulting metal properties was readily apparent when tested for the hydrogenation of the α,βunsaturated aldehyde, furfural, where the selectivity to specific products (hydrogenation at C=O or C=C) differed depending on the available Pd sites generated during synthesis. 5, 10 Pd NPs have demonstrated pronounced catalytic performance in a range of reactions, most notably in organic C-C coupling reactions, [11] [12] selective oxidation of alcohols, [13] [14] and hydrogenations. 15 In particular for hydrogenation reactions, Pd NPs excel due to their ability to dissociate hydrogen with a minimal activation energy. 16 The importance of the direct hydrogenation of p-nitrophenol to produce p-aminophenol is often overlooked and presented as a 'model' reaction to demonstrate catalytic ability and stability. However, p-Nitrophenol, arising in industrial waste water from dyes, pesticides and explosives is a concern both to human health and the environment due to its high toxicity. [17] [18] Exposure may cause damage to blood cells and the central nervous system and so its transformation to a more benign compound is needed. 19 Current methods of removal include adsorption, 20 photodegradation [21] [22] and electrochemical treatment. 23 However, all of these processes suffer from high costs or long treatment times, making them unfeasible. An alternative is the direct catalytic hydrogenation to produce aminophenol over a stable heterogeneous catalyst. As well as reducing environmental waste, the conversion of pnitrophenol to the chemically benign aminophenol, presents many important uses in the chemical industry. p-Aminophenol is used in the manufacture of several analgesic and antipyretic drugs as well as dyeing agents, [24] [25] [26] with the conventional process for the production of aminophenol through the ironacid reduction of nitrophenol resulting in large formations of Fe-FeO sludge (1.2 kg per kg of product) causing major disposal problems. [27] [28] Alternatively, p-aminophenol can be generated through the hydrogenation of nitrobenzene using noble metals and strong sulphuric acid, 27 although this process inevitably generates side products such as aniline and smaller amounts of other impurities. 29 Previous studies of this reaction have focused around Ni 28, [30] [31] and precious metal based catalysts, [32] [33] [34] [35] with the former unfavourable as a result of lower catalytic activity and metal leaching. Pd NPs have demonstrated the highest activity, with studies focused both on Pd nanoparticles supported in solution by polymers, 35 or supported on to solid matrices such as carbon, [36] [37] [38] [39] metal oxides 40 and metal-organic framework (MOF) structures. 41 The support material is typically designed to have a high surface area to promote a high dispersion of Pd, which is ultimately the active species. In the present study, the catalytic performance (activity and stability) of size controlled Pd NPs, prepared by an optimised sol-immobilisation method with temperature control and subsequently immobilised on to TiO2, is investigated for the hydrogenation of nitrophenols to aminophenols.
Experimental Materials
K2PdCl4 (99.99 % purity) was supplied by Johnson Matthey. o-, m-and p-Nitrophenol (>99 % purity), NaBH4 (>96 % purity), PVA (Mw = 9000 -10 000 g mol -1 , 80 % hydrolysed) were supplied by Sigma-Aldrich. TiO2 (P25, 50 m 2 g -1 ) was supplied by Degussa/Evonik. Deionised water (18.2 Ω cm -2 Milli-Q purified) was used in all of the experiments.
Catalyst preparation
Supported Pd NPs were prepared using a modified colloidal method with temperature control to tune particle size. K2PdCl4 precursor was used to prepare aqueous solutions of the desired palladium concentration ([Pd] = 1.26 x 10 -4 M), to which fresh aqueous solutions of PVA (PVA/Pd wt. ratio = 0.65) were added. 0.1 M aqueous solutions of NaBH4 (NaBH4/Pd molar ratio = 5) were freshly prepared and added drop-wise to each solution over a one minute period with stirring to form dark brown/black sols. After the complete reduction of Pd species (15-30 minutes), the colloidal solutions were individually immobilised on TiO2 under vigorous stirring conditions (900 rpm). The amount of support material required was calculated to achieve final metal loadings of 0.2 wt. %. The mixtures were acidified to pH 1-2 by sulphuric acid before they were stirred for 60 minutes to accomplish full immobilisation of the metal NPs on to the support. Each slurry was filtered, washed thoroughly with distilled water, and dried overnight at room temperature. 0.2 wt. % Pd/TiO2 catalysts were prepared at four different temperatures, with the preparation conditions and respective sample notation detailed in table 1. 
UV-Visible Spectroscopy
Formation of colloidal Pd (metal reduction) was analysed by UV-Vis spectroscopy. UV-Vis spectra (200-800 nm, Shimadzu UV-1800 spectrometer) of the Pd precursor and corresponding sols were recorded in a quartz cuvette after 15 and 30 minutes of generation.
Transmission Electron Microscopy (TEM)
Samples for examination by TEM were prepared by first dispersing the catalyst powder in ethanol using ultra-sonication for 30 minutes. 40 µL of the suspension was dropped on to a holey carbon film supported by a 300 mesh copper TEM grid before the solvent was evaporated. The samples for TEM were then examined using a JEOL JEM 2100 TEM model operating at 200 kV.
Infra-red (IR) CO Chemisorption Studies
Fourier transform (FT) transmission IR spectra were obtained with an is10 Nicolet spectrometer at a spectral resolution of 2 cm -1 and accumulating up to 64 scans. For each experiment, the ~25 mg catalyst was pressed to form a self-supported wafer (area = 1.3 cm 2 ). The cell was purged with Helium for 30 minutes to obtain a background spectrum before CO was introduced using a 10 % CO/He mixture at a flow rate of 70 cm 3 min -1 over a 30 second period. Three CO doses of this nature were administered for each experiment. The gas was switched to Helium for 30 minutes, at a flow rate of 70 cm 3 min -1 , in order to remove gaseous and physisorbed CO from the catalyst surface before a spectrum was then obtained. Subtraction of the background resulted in a spectrum containing bands responsible for CO adsorption on Pd sites.
X-ray Absorption Spectroscopy (XAS)
XAS studies were performed to examine the Pd oxidation state (X-ray Absorption Near Edge Spectroscopy (XANES)) as well as the local Pd coordination environments (Extended X-ray 
Results and Discussion
The formation of colloidal Pd was observed using UV-Vis spectroscopy by assessing the reduction of electronic transitions associated with the metal precursor salt, K2PdCl4. Disappearance of the peaks at λ = 210 and 238 nm, indicative of ligand to metal charge transfer in [PdCl4] 2at 15 minutes indicated that full reduction of the metal precursor was complete for colloidal Pd prepared at 50 and 75°C (figure S1), 13 and thus subsequent immobilisation of Pd on to the TiO2 support was performed to reduce agglomeration in the colloid. Reduction of the Pd precursor at 1 and 30°C was slower, and therefore in these cases, the colloidal Pd was immobilised after 30 minutes after addition of reagents. TEM measurements were performed to assess the Pd particle size distribution for the supported catalysts, however the 0.2 wt. % metal loading resulted in average Pd diameters calculated over only 100 particles due to the highly disperse nature of the particles and the low metal loading. A small decrease in mean Pd diameter was observed with decreasing temperature of colloidal reduction, with colloidal Pd prepared at 1 and 75°C affording average particle sizes of 2.2 and 2.6 nm ( figure S2 and S3 ), respectively, with the trend consistent with previous work we have performed. 9 Figure 1 shows the effect of Pd metal loading on the resulting average particle diameter obtained by TEM; for all temperature preparations, the 1 wt. % Pd catalyst yields the larger particle size. The metal nanoparticle properties are said to be 'preformed' during colloidal synthesis, and thus the variation in particle size observed upon immobilisation indicates Pd growth occurs at the TiO2 surface. Although not observed for this series of catalysts (0.2 wt. % Pd), it is highly probable that a high population of Pd clusters exist (< 20 atoms) in the catalyst prepared at 1°C, in line with the previous work. 9 Figure 1 . Effect of Pd metal loading and colloidal synthesis temperature on the average Pd particle diameter obtained by TEM.
XANES is a valuable tool in probing the speciation of metal nanoparticles, in this instance for determining the Pd oxidation state in the Pd/TiO2 catalysts. The ratio between Pd 2+ and Pd 0 was performed by linear combination analysis (LCA) of the 1 st derivative of the XANES profile, using PdO and Pd foil as reference standards (table 2 and figure S4 ). It is evident that reducing the temperature at which the colloidal Pd is prepared results in a gradual increase in Pd 2+ . For NP systems, the contribution to the XAFS signal is not only dominated by the core (bulk), as with most systems, but also by surface speciation. Small Pd NPs form an oxidic surface layer (Pd 2+ -O) at room temperature when exposed to the atmosphere, 44 with the surface, and therefore contribution from Pd 2+ to the XAFS signal, being more dominant as the Pd particles become smaller. The ratio of Pd 2+ /Pd 0 from LCA analysis can therefore be used indicatively to observe the Pd particle size trend, which we find is in good correlation with that obtained from TEM. EXAFS was used to confirm the existence of an oxidic layer on the palladium nanoparticles rather than large PdO crystallites. In the k 2weighted FT of 0.2 PdA1 (preparation at 1°C, figure 2A ) the Pd- figure 2B ), corresponding to the Pd-Pd scattering path, can be used to conclude the trend in average Pd particle size. Chemisorption of CO on the metal nanoparticles, monitored by IR spectroscopy, was employed to assess the available Pd surface sites for the 0.2 wt. % Pd/TiO2 catalysts ( figure 3 and S5 ). The two bands at ~ 2134 and ~ 2145 cm -1 , labelled i in figure 3 , are assigned to CO adsorbed on Pd + and Pd 2+ , respectively. 45 The shape and sharpness of these bands are much the same in catalysts prepared at 30 to 75°C (0.2 PdA2, 0.2 PdA3 and 0.2 PdA4), but for the catalyst prepared at 1°C (0.2 PdA1), in which the smallest average Pd diameter exists, the band is broader with adsorption up to 2152 cm -1 . Infrared bands consistent with linearly adsorbed CO on Pd corner sites, labelled ii in figure 3 , can be observed in all catalysts at 2080-2090 cm -1 , 46 although the band in 0.2 PdA1 appears the most asymmetric, with a shoulder at 2063 cm -1 , indicating there is CO adsorption on Pd edge sites. 47 Assigning the adsorption features below 2000 cm -1 to bridge-bonded CO, labelled iii, is difficult as a result of the broad bands observed. 46 For all spectra, the band starts around 1980 cm -1 , which is attributed to CO adsorption on facets, but for 0.2 PdA1 and 0.2 PdA2, the bands are sharper, with the peak at 1945 cm -1 , indicative of bridge bonded CO adsorption on edge sites. [45] [46] Moreover, we can comment on the effect of synthesis temperature on the ratio of available linear bonded:bridge bonded sites, with increased temperature increasing the ratio. To summarise, preparation of colloidal Pd at lower temperatures generates smaller Pd particles which contain a high proportion of lowly coordinated edge sites. The catalytic performance of the 0.2 wt. % Pd/TiO2 catalysts was investigated for the hydrogenation of o-, m-, and p-nitrophenol, using NaBH4 as the hydrogen source. As XANES analysis of the 0.2 wt. % Pd/TiO2 catalysts provides evidence that a surface oxide layer exists on the small metal NPs, the Pd NPs were pretreated with NaBH4 (NaBH4/Pd molar ratio = 312) to transform the Pd into the metallic state, so that the effect of Pd surface area (Pd particle size) on the activity, could be correlated and minimise the induction period due to the presence of Pd 2+ . Pretreating the catalysts in this manner is common, and also prevents an induction period as a result of NaBH4 reacting faster with the dissolved oxygen, than with nitrophenol. 48 The p-nitrophenol hydrogenation conversion profiles for the supported Pd catalysts, pre-treated first with NaBH4, as well as colloidal Pd prepared at 1°C, are presented in figure 4A . For the TiO2 supported Pd catalysts it is clear that preparation of the colloid at 1°C (0.2 PdA1) results in the most active catalyst, and is markedly better than the unsupported Pd colloid (PdA1 colloid). The catalyst containing the smallest and largest average Pd particle sizes, 0.2 PdA1 and 0.2 PdA4, were also tested for the hydrogenation of m-and o-nitrophenol, with the conversion profiles shown in figures S6. The differing rates of conversion between each nitrophenol isomer (o-, m-and p-) follows a similar trend observed previously, and is dependent on the stability of each nitrophenolate ion. 36, 49 In the case of oand p-nitrophenolate the negative charge on the phenoxide ion can be delocalized into the nitro group, stabilising the group. As well as a resonance effect, there is also an inductive effect (−I), which is stronger in o-nitrophenolate due to the shorter distance between the substituent group and the reacting group. The stronger -I makes the nitrogen atom more positively charged, and therefore more reactive. For m-nitrophenolate, there is no resonance stabilisation of the negative charge in to the nitro group, and only a small inductive effect. Therefore, the rate of hydrogenation for the nitrophenol isomers follows the We have previously shown that the generation of colloidal Pd at low temperature (1°C) results in a higher population of ultra-small Pd clusters (< 20 atoms), more so than catalysts prepared at higher temperatures. Although the presence of these clusters has not been shown in this study, we consider that they are very probably still present, and may be responsible for the high activity of 0.2 PdA1 compared to the other catalysts, as supported by previous work. 32 Additionally, the IR study concluded that the 0.2 PdA1 also has the highest ratio of lowly coordinated edge sites, which can provide active sites for the reaction to proceed. The recyclability of a catalyst is a very important attribute when considering its use in industry. Figure 4C illustrates the catalyst reusability for the 0.2 wt. % Pd/TiO2 catalysts, in which pnitrophenol hydrogenation conversion was calculated after 5 minutes of reaction time, over five successive cycles. 0.2 PdA1 in particular showed excellent stability throughout, with the catalyst conversion maintained above 90 %. Again, this catalyst is more stable than other TiO2 supported Pd nanoparticles, where deactivation of 42 % was observed across 6 cycles. 50 It is evident that between the 4 th and 5 th cycles, the conversion after 5 minutes increased (~ 3 %), however, this is within experimental error of the catalytic reaction protocol. It is difficult to elucidate the deactivation of the catalysts prepared between 30 and 75°C, but we propose that the irreversible adsorption of product at the nanoparticle surface could be a contributing factor.
Summary and Conclusions
This study demonstrates that the sol-immobilisation method can be used to prepare metal nanoparticles with characteristics enabling them to demonstrate high catalytic activity, in this instance, for the hydrogenation of nitrophenols (o-, m-and p-). Pd/TiO2, catalysts were prepared using a modified solimmobilisation method, in which colloidal Pd was formed at different temperatures, and the resulting catalysts tested for their performance in the conversion of nitrophenol, a critical transformation in environmental remediation. We conclude that an important experimental parameter affecting the metal particle diameter during colloidal reduction, is, as well as temperature, the duration of stirring specifically at higher temperatures (> 30°C). At low temperatures of preparation (≤ 30°C), the colloid appears stable over long stirring periods; however above this temperature, the colloid is generated quickly (in 15 opposed to 30 minutes), and is prone to aggregation (resulting in larger metal nanoparticles). For the hydrogenation of p-nitrophenol reaction, Pd particle size, support effect, as well as catalyst stability was investigated. We demonstrated the enhanced role of TiO2 by comparing the activities of the unsupported (TOF = 260 h -1 ) and supported Pd catalysts (TOF = 370-560 h -1 ). The 0.2 wt. % Pd/TiO2 catalyst prepared at 1°C in H2O undoubtedly showed the best catalytic performance, not only in terms of activity (k = 0.632 min -1 , TOF = 560 h -1 ), but also recyclability, in which 90 % conversion was achieved after 5 minutes, over 5 successive cycles. The high activity for this particular catalyst may be a result of a large number of ultrasmall Pd clusters, which results in a larger total Pd surface area. As a result of the high activity maintained throughout the reusability tests, we propose that these Pd clusters are stable, and are preserved during the reaction.
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